Introduction
============

Successful gene delivery and expression remains a significant hurdle that must be overcome before genetic therapies gain clinical acceptance. As such, there is currently much emphasis on further developing nucleic acid-delivery systems, which can be classified into three categories: physical injection, viral vectors, and nonviral vectors.[@b1-ijn-11-6449] These systems refer to synthetic reagents and additives that protect the genes from degradation and allow them to overcome cellular barriers during the delivery process.[@b2-ijn-11-6449] The efficiency of nonviral gene delivery depends critically on the local concentration of plasmid DNA in the desired tissue and overcoming some barriers, including rapid degradation by nucleases.[@b3-ijn-11-6449] The study of gene therapies based on nonviral vectors is very relevant, because there is no known overall efficiency, particularly for such diseases as lung cancer, which has the highest mortality rate of all common cancers and a survival rate of less than 5 years. Out of the 8.2 million deaths caused by cancer in 2011 globally, mortality from lung cancers contributed the most, with 1.3 million deaths. Clearly, there is a lack of diagnostics and effective treatment regimens.[@b4-ijn-11-6449] Different approaches for the delivery of genes to the lungs, such as intravenous (IV) injection and nasal or intratracheal instillation, have been reported.[@b5-ijn-11-6449]--[@b7-ijn-11-6449]

The ideal anticancer therapies are those that can selectively kill cancer cells without affecting healthy cells. TRAIL is an example of a molecule that selectively kills malignant cells, but not normal cells. In 1995, Wiley et al demonstrated that recombinant, soluble TRAIL (or Apo2L) possessed the unique ability to induce apoptosis in a range of tumor cell lines, while having little cytotoxicity against normal cells and tissues.[@b8-ijn-11-6449] TRAIL is expressed constitutively in many normal tissues, including lymphocytes, spleen, thymus, prostate, ovary, and intestines (although not in the brain, liver, or testis). In fact, the presence of TRAIL in normal tissues suggests that normal cells contain mechanisms that protect them from apoptosis induction by TRAIL.[@b9-ijn-11-6449]

Magnetofection is a nonviral transfection method that uses an external magnetic field to target cells with nucleic acids that are bound to magnetic nanoparticles (MNPs).[@b10-ijn-11-6449] MNP--nucleic acid complexes are added to cell-culture media and then onto the cell surface by applying a magnetic force.[@b11-ijn-11-6449] This technique has significant advantages over traditional transfection methods, including reduced process time: about 5--10 minutes. Moreover, magnetofection has the major safety advantage of exploiting natural uptake pathways (the endocytic mechanisms of cells during the transfection process, without disrupting the cell membrane), resulting in high cell viability posttransfection.[@b12-ijn-11-6449] The final conclusion in a large number of studies in this field is that exposure to magnetic fields with intensities under 0, 1 mT cannot produce a significant cellular change, as genotoxic or epigenetic activity. The last few years in particular have shown an increase in studies indicating evidence of genotoxic effects caused by exposure to magnetic fields alone ranging from 5 mT to 30 µT in vitro and from 5 mT to 100 µT in vivo. Exposure was 1--3 days. The discrepancies between the many studies so far conducted are probably due to differences in experimental parameters. These comprise physical features (such as frequency and flux intensity), duration, and mode of exposure, in addition to characteristics of the cells or animals exposed.[@b13-ijn-11-6449]

In vivo magnetic fields are focused on the required site to promote transfection and also to deliver the therapeutic gene to a specific organ or site within the body.[@b14-ijn-11-6449] Many different tissues have been studied as potential magnetic drug-delivery targets. Delivering drug-filled magnetic particles to distinct areas in the liver has been the most successful, but it is also possible to increase particle concentrations magnetically in the lungs, vessel walls, brain, and tumors.[@b15-ijn-11-6449] Many researchers have described magnetofection methods where they modified the surface of iron oxide-based MNPs to increase transfection efficiency and reduce cytotoxicity. To achieve this, some investigators selected coating agents, such as chitosan.[@b16-ijn-11-6449] In 1995, Mumper et al[@b17-ijn-11-6449] were the first group to propose the use of chitosan as a DNA carrier. It showed significantly lower toxicity than poly-[l]{.smallcaps}-lysine and polyethylenimine. Additionally, it enhanced the transport of the drug across the cell membrane.[@b18-ijn-11-6449] The cationic properties of chitosan, together with its biocompatibility, make it attractive as an alternative biocompatible gene-delivery system.[@b19-ijn-11-6449]

Chitosan NPs are formed according to an approximation of "bottom-up", as a result of self-association processes under which the polymer chains are ordered nanoscopic structures, either by inter--intramolecular interactions or by covalent or noncovalent interactions. In these NPs or nanospheres, the drug can be entrapped or bonded to the solid polymer matrix. In the past decade, chitosan NPs have been extensively investigated, because they can control the drug-release rate, prolong the duration of therapeutic effectiveness, and deliver drugs to specific sites in the body.[@b20-ijn-11-6449]

In this study, we demonstrated that IV injection of a nanosystem formed by MNPs covered with chitosan and the sequence of a pCEM-*TRAIL* gene containing a promoter activated by magnetic force had a therapeutic effect in B16F10 murine melanoma cells ([Figure 1](#f1-ijn-11-6449){ref-type="fig"}). Treatment also had a positive effect in a model of lung-tumor metastasis in C57BL/6 mice.

Materials and methods
=====================

Chemicals
---------

Chitosan (25 kDa) was purchased from Coyotefoods Biopolymer and Biotechnology Mexico. Cell-culture media, fetal bovine serum, and cell culture supplements were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Tripolyphosphate (TPP) was purchased from Sigma-Aldrich (St Louis, MO, USA). MNPs were obtained from OZ Biosciences (CombiMag; Marseille, France). In vivo DogtorMag™ transfection reagent designed for in vivo targeted transfection was also provided by OZ Biosciences. A plasmid purification kit was purchased from Thermo Fisher Scientific. A caspase 3 (active) red-staining kit was purchased from CTR Scientific (Monterrey, Mexico). A Wizard^®^ Genomic DNA Purification kit, EcoR1, XbaI, and HindIII restriction enzymes, and DeadEnd fluorometric TUNEL (terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling) system were purchased from Promega Corporation (Fitchburg, WI, USA).

Plasmids
--------

The plasmid PORF5-mTRAIL of 4,058 bp containing the *TRAIL* gene was purchased from InvivoGen (San Diego, CA, USA). The plasmid pCEM-Luc of 5,000 bp contains the firefly luciferase (Luc) gene under the control of the Hsp70 promoter, which has elements of response to an electromagnetic field (CEM), was obtained and characterized in our laboratory.[@b21-ijn-11-6449] The plasmids were purified with a DNA-purification kit (Promega).

Melanoma cell line
------------------

The mouse melanoma cell line B16F10 was provided by our laboratory cell bank. Cells were maintained at 37°C in 5% CO~2~. These tumors are synergic for C57BL/6 mice, and have historically been used as a model for human melanoma, based on the aggressive nature of the tumor, as well as its poor immunogenicity.

Animals
-------

Male C57BL/6 mice (7--8 weeks old) from Harlan Laboratories (Mexico City, Mexico) were used in all experiments. This study was approved by the bioethics committee of Biological Sciences Faculty of the Autonomous University of Nuevo Leon (UANL). All animal-handling procedures were performed according to the Mexican Official Standard NOM-062-ZOO-1999, technical specifications for the production, care and use of laboratory animals.

Construction and characterization of plasmid pCEM-*TRAIL*
---------------------------------------------------------

The first objective of this investigation was to strip the *TRAIL* gene from the pORF5 vector, as well as the luciferase gene from pCEM-Luc, and finally to bind *TRAIL* and pCEM. To amplify the *TRAIL* fragment, we designed the following primer sequence: forward 5AAGCTTCATGGCTCCTTCCTCAGGGG and reverse 5TCTAGATTAGTTAATTAAAAAGGCTCC. The *TRAIL* sequence was amplified by polymerase chain reaction at temperatures of 60°C, 62°C, 64°C, 66°C, and 68°C, and run in an agarose gel (8%) to observe the 890 bp fragment. Then, the fragment was purified and cloned in the vector pGEM-T Easy. pCEM-Luc was digested with XbaI and HindIII to strip the luciferase sequence, and pCEM and *TRAIL* were ligated to form the pCEM-*TRAIL* vector.

Production and characterization of magnetic chitosan--DNA nanoparticles
-----------------------------------------------------------------------

Chitosan NPs were prepared as we previously described, based on the technique of ionic gelation, in which the positively charged amine groups interact with the negatively charged groups of TPP and plasmid.[@b19-ijn-11-6449] The spontaneous formation of NPs occurs because of the intermolecular bonds between the negative and positive charges. In brief, chitosan was dissolved in water to a concentration of 2 mg/mL and mixed with TPP (0.86 mg/mL), plasmid, MNP, and DogtorMag. The spontaneous formation of complexes occurred under agitation for 20 minutes at room temperature (37°C). The MNPs and plasmid were mixed at a ratio (v:w) of 1:1. The ratio of pCEM-*TRAIL* to chitosan was 1:30.

The DNA-binding ability of chitosan was evaluated by agarose-gel electrophoresis. Complexes containing 1 µg DNA and different proportions of chitosan were loaded into individual wells of a 1% agarose gel, electrophoresed at 80 V for 40 minutes, and stained with ethidium bromide.

In vitro gene transfection of B16F10 cells with magnetic chitosan--DNA nanoparticles
------------------------------------------------------------------------------------

Cells (2×10^5^) were seeded into a six-well plate in 1 mL of Dulbecco's Modified Eagle's Medium supplemented with fetal bovine serum and 1% antimycotic antibiotic and incubated at 37°C in 5% CO~2~ for 24 hours before transfection, so that the cells could reach 70% confluence. Complexes containing 1 µg of DNA formed as previously described were added to each well, and then a magnetic field was placed under the plate for magnetofection for 20 minutes and incubated for 24 hours posttransfection.

Detection of active caspase 3
-----------------------------

Transfected cells were analyzed 24 and 48 hours after transfection with a red staining caspase 3 kit, which uses the caspase 3 inhibitor DEVD-FMK conjugated to sulforhodamine as the fluorescent in situ marker. The number of fluorescent cells was counted in the total image area using the ImageJ program.[@b22-ijn-11-6449]

Western blot analysis
---------------------

The TRAIL protein was detected in B16F10 cells. In brief, cells transfected with different treatments were lysed, and proteins were extracted and quantified in a nanodrop system. These proteins were run in a polyacrylamide gel (12%) at 100 V, 80 mA for 45 minutes. Then, the gel was transferred to a polyvinylidene difluoride membrane and run at 300 V, 100 mA for 3 hours. The membrane was then exposed to the primary and secondary antibodies. Finally, we developed the membrane by colorimetry.

Hematoxylin and eosin staining
------------------------------

After 48 hours of magnetofection with the complexes, the cells were stained with hematoxylin and eosin (H&E) to observe their morphological features by microscopy.

Survival measure and histological studies
-----------------------------------------

For the pulmonary metastatic model, 200 µL B16F10 cell suspension (5×10^5^) was injected IV into each mouse though the tail vein. We divided the mice into five groups of five mice per group, as shown in [Table 1](#t1-ijn-11-6449){ref-type="table"}. Three days after tumor-cell implantation, the C57/BL6 mice received the treatments described (IV). While injecting the treatments, an Nd~2~Fe~12~B square magnet of 17×17×5 mm (length × length × height) specific for lung tissue was placed up the ribcage and removed at the end of administration according to the Oz Bioscience manual. The mice were monitored until death. After autopsy, lungs were collected and formalin-fixed and pulmonary nodules were counted. Following the counting of nodules, the lungs were dehydrated and embedded in paraffin using routine methods for immunohistopathological analysis. Paraffin sections (5 µm) were stained with H&E, and morphological characteristics were observed under microscopy. These experiments were repeated three times.

TUNEL assay
-----------

Cell apoptosis was analyzed using an in situ cell death-detection kit (Promega) based on the terminal TUNEL technique. Cells were cultured on glass culture slides coated with polylysine to avoid apoptotic cells losing adherence to the slides. After the cells were transfected with the NPs for the indicated time, the slides were fixed overnight in 100 g/L formaldehyde, treated with proteinase K and H~2~O~2~, and labeled with dUTP in a humidified chamber at 37° for 1 hour. The cells that did not receive TdT enzyme were used as the negative control. Apoptotic indices were calculated by counting the number of TUNEL-positive cells/total number of cells in a field ×100. A total of ten fields were counted in a random and blinded manner.

Results and discussion
======================

Preparation and characterization of chitosan magnetic nanoparticles
-------------------------------------------------------------------

NPs analyzed by electronic and atomic force microscopy demonstrated a well-defined spherical shape, as reported previously ([Figure 2](#f2-ijn-11-6449){ref-type="fig"}).[@b7-ijn-11-6449] The chitosan--DNA NPs were prepared at an nitrogen:phosphate ratio of 1:60 with a ζ-potential of −25 mV, which resulted in optimum NPs of 200--250 nm ([Figure 3](#f3-ijn-11-6449){ref-type="fig"}), an appropriate size for transfection in vitro and in vivo. The spherical and compact morphology was a consequence of the chitosan-controlled gelation promoted by TPP.[@b23-ijn-11-6449]

In vitro gene expression of magnetic chitosan--DNA nanoparticles
----------------------------------------------------------------

### Caspase 3 activation

Cell death triggered by TRAIL proceeds either directly from the death-inducing signaling complex formed upon TRAIL binding to its cognate agonistic receptors (TRAIL-R1 or TRAIL-R2), or indirectly via an amplification loop involving the mitochondria. Both pathways ultimately lead to the activation of caspase 3, the main caspase responsible for the execution of apoptosis.[@b24-ijn-11-6449] Cells were observed by fluorescence microscopy 24 and 48 hours after transfection. Cells treated with naked NPs showed a lower expression of active caspase 3 compared to chitosan--DNA and MNPs at 48 hours ([Figure 4](#f4-ijn-11-6449){ref-type="fig"}). This result suggests that the expression of caspase 3 is induced by the nanosystem with the magnetic field. Other authors have speculated that favorable postoperative survival is achieved by accelerated apoptotic cancer cell death when caspase 3 is expressed strongly, because caspase 3 plays an important role in the induction of apoptotic cell death in non-small-cell lung cancer.[@b25-ijn-11-6449] Apoptosis induction by TRAIL in lungs using an adenovirus as a vector has already been achieved.[@b26-ijn-11-6449] Others have already induced pulmonary apoptosis using different systems, with similar results.[@b27-ijn-11-6449]

### H&E staining of cultured B16F10 melanoma cells

Cells were stained with H&E to observe by microscopy morphological features, such as nuclear condensation and cellular shrinkage 48 hours after transfection. The untransfected control cells showed morphologic hallmarks, such as stellate and elongation typical for normal B16F10 cells compared to cells treated with pCEM-*TRAIL*. When we observed cells transfected with chitosan--DNA complexes, a certain percentage of cells showed shrinkage. Finally, most of the cells treated with magnetic chitosan--DNA NPs were smaller and had lost their normal morphology ([Figure 5](#f5-ijn-11-6449){ref-type="fig"}). These results agree with the characteristics of apoptosis in B16F10 cells reported by others[@b28-ijn-11-6449],[@b29-ijn-11-6449] and with the morphological hallmarks of apoptosis.[@b30-ijn-11-6449]

In vivo survival measure and histological studies
-------------------------------------------------

### H&E staining of tissue and cell sections

H&E-stained tissue sections also showed few nodules in the lungs of mice treated with MNPs; in contrast, the untreated mice developed many melanomas ([Figure 6](#f6-ijn-11-6449){ref-type="fig"}). Control mice treated with phosphate-buffered saline had an extensive tumor burden in the lungs, whereas the mice treated with MNPs displayed fewer tumors. Recurrence of lung metastases often occurs, thereby indicating that conventional modalities are no longer effective against metastases. The development of passive or active drug-delivery systems for therapeutic applications represents an innovative trend in lung cancer therapy.[@b31-ijn-11-6449] In this study, we attempted to apply MNPs with a therapeutic gene activated by a magnetic field as a strategy to inhibit the development of melanoma in the lung.

### TUNEL assay

TUNEL assays revealed a significantly higher proportion of TUNEL-positive cells in the MNP group. The results from these experiments support the use of MNPs for killing melanoma cells in vivo ([Figure 7](#f7-ijn-11-6449){ref-type="fig"}). In groups treated with naked plasmid and the magnetic field, we observed lower cell-death percentages of 10%--15%. In the group treated with MNPs, plasmid, DogtorMag, and the magnetic field, we observed up to 45% cell death. The group with the most cell death (80%) was that treated with NPs, chitosan, and magnet ([Figure 6](#f6-ijn-11-6449){ref-type="fig"}). No correlation was observed between the apoptosis levels detected by the TUNEL test with the survival rate, but there was a proportional relation between the apoptosis levels detected by TUNEL and the number of tumors in lungs observed macroscopically. The DNA degradation detected by TUNEL in pulmonary melanoma has been described by others using different treatments.[@b26-ijn-11-6449]

Survival analysis of mice
-------------------------

In vivo studies in a melanoma pulmonary metastatic mice model were conducted to evaluate the survival rate of mice treated with our nanosystem. [Figure 8](#f8-ijn-11-6449){ref-type="fig"} shows a Kaplan--Meier plot of the survival of B16F10 tumor-bearing mice after different treatments. NPs formed with the cationic lipid (DogtorMag) and naked plasmid showed better mouse survival, perhaps because a larger number of them were able to reach the lungs. It is necessary to find a balance between the grades of induced apoptosis to produce inhibition of tumors to correlate with better survival. Because a relatively small increase in the rate of epithelial cell apoptosis can result in considerable cell loss over time, a relatively minor upregulation of epithelial apoptosis, particularly of alveolar type II cells, could account for excessive epithelial loss and failure of reepithelialization.[@b32-ijn-11-6449]

The assays described are the results of several repeated experiments, the groups of mice behaving in the same way. The administration of 50 µg of naked plasmid produce an adequate expression of transgene in the lungs of mice.[@b7-ijn-11-6449] It is possible that the level of apoptosis occurring in these appropriate conditions improved mouse survival. On the other hand, when the same amount of plasmid (50 µg) was administered in the chitosan MNPs, it produced a high level of apoptosis in the lung, as demonstrated in the TUNEL assay. The excessive cellular death induced by the expression of TRAIL in the lung can potentially cause lung dysfunction by a strong inflammatory process resulting from the removal of apoptotic cells. The alteration in lung function and the presence of tumor cells remaining may be the cause of the lack of relationship with the survival obtained in mice.[@b33-ijn-11-6449]--[@b36-ijn-11-6449] It may be important to develop cell-specific antiapoptotic strategies, rather than strategies aimed at blocking apoptosis of types of cells within the lungs. Other studies have reported similar survival profiles for pulmonary melanoma by IV administration of BSA-gel capsules and polyethylenimine--p53 complexes by aerosol delivery.[@b6-ijn-11-6449],[@b35-ijn-11-6449] There have been similar studies for targeted gene delivery to the lungs using magnetized aerosols comprising super-paramagnetic oxide NPs.[@b37-ijn-11-6449]

Therefore, in this study the magnetic field had two roles: the first to attract the MNPs when they reached the perimeter of the magnetic field and exert a potentiating effect of transfection, and second to induce activation of the promoter present in the plasmid that controls the expression of TRAIL. We have presented in vitro data that prove these effects. In in vivo assays, we only demonstrated that there was a significant difference in the activation of TRAIL-induced apoptosis in the lungs of mice, indicating the influence of the magnetic field in the attraction of the NPs and magnetofection under these conditions. However, in survival assays, this could not be demonstrated, though our previous studies and those of other groups support the in vivo effect of magnetofection.

Conclusion
==========

According to our results, the nanosystem formed by MNPs, plasmid, and chitosan is stable and can efficiently magnetotransfect cells. We used this nanosystem to cause cell death in the B16F10 cell line by apoptosis and in the lungs of mice. In vitro, we observed the expression of active caspase 3, morphological changes in cells, and TRAIL protein expression. In vivo, we observed a significant reduction in tumor numbers. In addition, TUNEL assay in lung tissue revealed up to 80% of apoptotic cells. These results support the applicability of the extensively studied NPs, specifically in the fields of drug delivery and cancer treatment. However, many challenges must be overcome to expedite the translation of NP-based therapies.
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![Systemic delivery of *TRAIL* gene by chitosan MNPs and activation of external magnetic field to induce apoptosis in mouse lungs.\
**Abbreviation:** MNPs, magnetic nanoparticles.](ijn-11-6449Fig1){#f1-ijn-11-6449}

![Chitosan--plasmid nanoparticles: (**A**) transmission electron microscopy; (**B**) atomic force microscopy.](ijn-11-6449Fig2){#f2-ijn-11-6449}

![Characterization of magnetic chitosan-DNA nanoparticles.\
**Notes:** (**A**) Agarose gel -- DNA release from nanoparticles at different ratios; (**B**) nanoparticle-size distribution; (**C**) ζ-potential of magnetic nanoparticles with plasmid and chitosan in aqueous suspension.](ijn-11-6449Fig3){#f3-ijn-11-6449}

![In vitro *TRAIL* gene expression mediated by magnetic chitosan-DNA nanoparticles.\
**Notes:** (**A**) Western blot of TRAIL protein detected in B16F10. (**B**) Images of B16F10 cells stained with caspase 3 red observed by fluorescence microscopy: cells transfected with pCEM-*TRAIL* and chitosan at 24--48 hours and a negative control (1); cells transfected with pCEM-*TRAIL*, chitosan, and MNPs at 24--48 hours and the negative control (2). (**C**) Quantification of caspase expression using ImageJ.\
**Abbreviation:** MNPs, magnetic nanoparticles.](ijn-11-6449Fig4){#f4-ijn-11-6449}

![Images of B16F10 cells stained with H&E.\
**Notes:** (**A**) PBS; (**B**) pCEM-*TRAIL*; (**C**) pCEM-*TRAIL*, DogtorMag and magnetic nanoparticles; (**D**) pCEM-*TRAIL*, chitosan, and magnetic nanoparticles. Magnification ×200.\
**Abbreviations:** H&E, hematoxylin and eosin; PBS, phosphate-buffered saline.](ijn-11-6449Fig5){#f5-ijn-11-6449}

![Images of lungs excised from melanoma-bearing mice after different treatments, and H&E and TUNEL-assay tissue sections from excised lungs.\
**Notes:** (**A**) PBS; (**B**) normal; (**C**) naked plasmid; (**D**) plasmid/DogtorMag/magnetic nanoparticles; (**E**) plasmid/chitosan/magnetic nanoparticles. Magnification for H&E: (**A**) 40×, (**B**) 10×, (**C**) 40×, (**D**) 40×, (**E**) 40×; TUNEL: (**A**) 40× (**B**) 10× (**C**) 40× (**D**) 40×, (**E**)10×.\
**Abbreviations:** H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling; PBS, phosphate-buffered saline.](ijn-11-6449Fig6){#f6-ijn-11-6449}

![Percentage of apoptotic cells detected by TUNEL assay in lung tissue of mice.\
**Abbreviation:** TUNEL, terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick-end labeling.](ijn-11-6449Fig7){#f7-ijn-11-6449}

![Survival of pulmonary melanoma-bearing mice (n=5) under different treatments.\
**Abbreviations:** MNPs, magnetic nanoparticles; PBS, phosphate-buffered saline.](ijn-11-6449Fig8){#f8-ijn-11-6449}

###### 

Groups of mice for in vivo assays

  Group 1                  Group 2                  Group 3   Group 4                         Group 5
  ------------------------ ------------------------ --------- ------------------------------- ------------------------------
  Control negative tumor   Control positive tumor   Plasmid   MNPs/DogtorMag/plasmid/magnet   MNPs/chitosan/plasmid/magnet

**Abbreviation:** MNPs, magnetic nanoparticles.
